This study evaluated the effect of mesoporous bioglass (MBG) dissolution on the differentiation of bone marrow mesenchymal stem cells (BMSCs) derived from either sham control or ovariectomized (OVX) rats. MBG was fabricated by evaporation-induced self-assembly method. Cell proliferation was tested by Cell Counting Kit-8 assay, and cytoskeletal morphology was observed by fluorescence microscopy. Osteogenic differentiation was evaluated by alkaline phosphatase (ALP) staining and activity, Alizarin Red staining, while adipogenic differentiation was assessed by Oil Red-O staining. Quantitative real-time PCR and Western blot analysis were taken to evaluate the expression of runt-related transcription factor 2 (Runx2) and proliferator-activated receptor-γ (PPARγ). We found that MBG dissolution (0, 25, 50, 100, 200µg/ml) was nontoxic to BMSCs growth. Sham and OVX BMSCs exhibited the highest ALP activity in 50µg/ml of MBG osteogenic dissolution, except that sham BMSCs in 100µg/ml showed the highest ALP activity on day 14. Runx2 was significantly upregulated after 100µg/ml of MBG stimulation in sham and OVX BMSCs for 7 and 14 days, except that 25µg/ml showed highest upregulation effect on This article has been accepted for publication and undergone full peer review but has not been through the copyediting, typesetting, pagination and proofreading process which may lead to differences between this version and the Version of Record. Please cite this article as an 'Accepted Article', doi: 10.1002/jbm.a.35841
Introduction
Bioactive glass (BG) was discovered in 1969 and is now widely applied in bone tissue regeneration because of their biocompatibility, osteoconduction, and osteoinduction properties 1, 2 . Mesoporous bioglass (MBG) with an ordered mesopore channel structure elicits better performance as bone substitutes than BG, and this performance is attributed to a faster release of Ca, P, and Si ions and the porous structure of MBG 3, 4 . MBG soaked in physiological fluid releases Ca 2+ and Na + exchange with H + from the fluid to form a hydrated silica gel on the surface. This gel turns into an amorphous , OH -and CO 3 2-5,6 The growing HCA layer provides an ideal environment for osteoblasts colonization, proliferation and differentiation 7
. Our previously studies showed the importance of MBG during osteoblast differentiation and mineralization both in vivo and in vitro 8, 9 . Other groups have also reported that the released soluble ions from bioglass can stimulate osteogenesis 10, 11 . For instance, the dissolution media of 45S5 Bioglass ® with Si ion concentration of 15 and 20µg/ml tends to promote osteoblast proliferation and differentiation 11 . However, the involved cellular mechanism was ambiguous, especially in bone disease such as osteoporosis.
Osteoporosis is a common bone disease among post-menopausal women and the aging population, characterized by poor bone strength, low bone mass and bone microarchitectural impairment 12 . Osteoporosis is induced by the disruption of bone remodeling resulting from an imbalance between bone formation and resorption 13 .
The ovariectomized (OVX) animal model is widely used as a golden standard to study the pathophysiological conditions of postmenopausal osteoporosis 8, 14, 15 . Osteoporotic bone loss has been associated with increased adipogenesis in bone marrow post ovariectomy or glucocorticoid treatment 16, 17 .
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Primary bone marrow mesenchymal stem cells (BMSCs) are widely used to study skeletal biology due to their potential to differentiate into mesodermal lineages such as osteoblasts, chondrocytes and adipocytes [18] [19] [20] [21] . BMSCs, which are vital components during new bone formation, can be easily accessed and they show a low risk of tumorigenesis after implantation 22 . Interestingly, osteoblasts and adipocytes share a common precursor in the bone marrow stroma, and the imbalance between BMSCs osteogenesis and adipogenesis can lead to osteoporosis 23 . Two main transcription factors namely, runt-related transcription factor 2 (Runx2) and peroxisome proliferator-activated receptor-γ (PPARγ), are generally regarded as the master regulators during osteogenesis and adipogenesis [24] [25] [26] .
We fabricated MBG through an evaporation-induced self-assembly method 27 . MBG dissolution was diluted into different concentrations to investigate its effects on morphology, proliferation and differentiation of sham and OVX BMSCs. We also studied the expression patterns of Runx2 and PPARγ during osteogenesis and adipogenesis.
Materials and methods

Materials
Nonionic block copolymer EO20PO70EO20 (P123), tetraethyl orthosilicate (TEOS), Calcium nitrate tetrahydrate (Ca(NO 3 ) 2 ·4H 2 O), triethyl phosphate (TEP), FITC-phalloidin, β-glycerol phosphate, L-ascorbic acid, insulin, indometacin, dexamethasone and 1-methyl-3-isobutylxanthine were purchased from Sigma-Aldrich.
Alizarin Red power, Oil Red-O power, p-nitrophenyl phosphate and p-nitrophenol were purchased from Aladdin. Penicillin/streptomycin (P/S) solution and α-MEM were purchased from HyClone. Fetal bovine serum (FBS) was purchased from Gibco.
Triton X-100 was purchased from Amresco. DAPI was purchased from Beyotime.
CCK-8 was purchased from Dojindo Molecular Technologies. ALP staining kit was purchased from Nanjing Jiangcheng Bioengineering Institute. PPARγ and Runx2
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antibody were purchased from Cell Signaling Technology.
Preparation of mesoporous bioglass
MBG was synthesized using a reported evaporation-induced self-assembly process 28 .
In a typical synthesis, 4.0 g P123, 6 .7 g TEOS, 1.4 g Ca(NO 3 ) 2 ·4H 2 O, 0.73 g TEP and 1.0 g HCl (0.5 mM) were added into 60 g absolute ethanol and stirred in a 100 ml glass bottle for 1 day at 24 °C. Then the mixture was transferred into a Petri Dish for the evaporation-induced self-assembling. The dried products were calcined at 700 °C for 5 h to obtain the final MBG. The feeding molar ratio of Si and Ca is 80: 15.
Characterization
Transmission electron microscopy (TEM) images were taken with a JEOL 1010 transmission electron microscope operated at 100 KV. Before TEM test, samples were dispersed in ethanol and transferred to a copper grid. Both the scanning electron microscopy (SEM) images and Energy Dispersive X-ray (EDX) analysis were taken with a JEOL 7001F scanning electron microscope equipped with an EDX detector operated at 10 kV. For SEM test, the samples were placed on conductive carbon film on SEM mount and coated with carbon using sputter coater (Quorun Tech. Co.).
BMSCs isolation and in vitro culture
All animal experiments were approved by the Ethics Committee at the School of Dentistry in Wuhan University, People's Republic of China. Wistar female rats were subjected to bilateral sham or OVX operation at 8-week-old, and BMSCs from either sham or OVX rats were isolated after 2 months induction. After euthanasia by sodium pentobarbital and cervical dislocation, bone marrow was flushed out of the femur and tibia by using α-MEM containing 15% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). Cells were cultured in a 5% CO 2 incubator at 37 °C, the culture medium was changed every three days until the cells were passaged. BMSCs at passage 2 were used in our study. 
Preparation of MBG dissolution extracts
1 mg MBG was autoclaved before use. To prepare dissolution media, the particles were soaked in 50 ml α-MEM without serum at 37 °C for 48 h. After filtration by 10 ml syringe with a 0.22 µm syringe filter (Millipore, US), the supernatant was collected and added with 15% FBS and 1% P/S to make the highest concentration (200µg/ml). Then 100µg/ml, 50µg/ml, and 25µg/ml concentration media were obtained by double dilution method for cell culture experiments. 
Cell Counting Kit-8 (CCK-8) assay
Fluorescence microscopy analysis
Cell culture glass slides (24-well format) were soaked in hydrochloric acid for 24h
and washed by distilled water before autoclave sterilization. Then, the slides were put into the 24-well plates, and 1×10 4 sham or OVX BMSCs per well were seeded. After 24 h incubation, cell culture medium was replaced by the prepared MBG dissolution.
At day 7, the slides were washed with PBS twice and fixed with 4% paraformaldehyde for 15 min at room temperature (RT), followed by another three times wash in PBS. Cells were stained with FITC-phalloidin (5µg/ml) for 1h at RT.
After washing twice with PBS, samples were incubated with DAPI (10µg/ml) for 5 min at RT. The cell morphology and cytoskeletal structure were observed by fluorescent microscopy (Leica DM4000, German). 
Quantitative alkaline phosphatase activity
The cell seeding density and culture procedures were the same as in ALP staining.
Quantitative ALP activity was measured at day 7 and 14. At each time point, the culture media was removed and washed with PBS three times before treated with 150 µl per well of 0.3% Triton X-100. The cell suspensions were transferred to 1.5 ml tubes and centrifuged at 14000 rcf at 4 °C for 10 min. Then, 50 µl of cell lysates per well were transferred to new 96-well plates to determine the ALP activity and total amount of protein by p-nitrophenyl phosphate method. After 2 h incubation at 37 °C, the reaction was stopped by adding 50 µl of 1 N NaOH per sample. The reaction product was determined at 405 nm in a microplate reader. Using p-nitrophenol as a standard, the ALP activity was calculated based on standards curves and then normalized to the total protein content determined by BCA protein assay kit.
Alizarin red staining
The cell seeding density and culture procedures were the same as in ALP staining. 
Quantitative real-time RT-PCR
Sham and OVX BMSCs were washed with PBS and total cellular RNA was extracted using RNA kit (Omega, USA).Total RNA was reverse transcribed in accordance with the manufacturer's instructions (Takara, Japan). PCR amplification was performed in a real-time PCR system with specific primers for Runx2, PPARγ, and GAPDH. The reaction conditions for PCR were 40 cycles of denaturation at 95°C for 15s, annealing at 55°C for 34s, and extension at 72°C for 1 min. Primer sequences for differentiation markers are detailed in Table 1 .
Western blotting
1×10
6 sham or OVX BMSCs were seeded per 10 cm cell culture dish. After 24h incubation, the culture medium was replaced by MBG dissolution and changed every three days till day 7 or 14. To obtain total protein, cells were lysed in ice cold RIPA lysis buffer and centrifuged at 12000 rcf for 10 min at 4°C to remove debris. Protein concentrations were determined by using BCA protein assay kit, and the protein extracts were heat denatured in SDS-PAGE sample loading buffer. Then, the protein samples were separated by 10% sodium dodecysulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) 10 whereas the OVX BMSCs in MBG dissolution tended to be distributed in polygonal, short, and flat shapes (Fig 3) . In addition, sham BMSCs exhibited increased production of pseudopodia around the cells compared with OVX BMSCs at lower concentrations of MBG dissolution ( Fig.3B and 3G ).
Osteogenic and adipogenic differentiation of sham and OVX BMSCs
Osteogenic differentiation
Sham and OVX BMSCs were stained brown in the cytoplasmic region for ALP staining, which was highlighted by the red arrows (Fig. 4) . The amount of positively stained BMSCs increased on day 14 in both groups. .
ALP activity was quantified after 7 and 14 days of induction in MBG dissolution plus osteogenic medium ( To further analyze cell mineralization, Alizarin Red staining was performed after 14 days of induction in MBG dissolution plus osteogenic medium (Fig. 6 ). Mineralized nodules were formed in all the groups, but the amount of mineralization was higher in
sham BMSCs groups than in the OVX BMSCs. Additionally, moderate doses (50 and 100µg/ml) of MBG dissolution induced more mineralized matrix, showing a similar trend to the level of ALP activity.
Runx2 is a key transcription factor that regulates bone development and maintenance of the extracellular matrix 32, 33 . 
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expression of sham and OVX BMSCs in the various concentrations of MBG dissolution increased in a dose-dependent manner after 7 and 14 days of induction.
100µg/ml of MBG dissolution induced more Runx2 mRNA expression in sham BMSCs ( Fig. 7A and 7B ). For OVX BMSCs, it reached to peak values at 25µg/ml of MBG dissolution, and significantly decreased in the highest doses of MBG dissolution (200µg/ml) on day 7 (Fig. 7A) , whereas the OVX BMSCS cultured in 100µg/ml showed the highest Runx2 mRNA expression on day 14 (Fig. 7B) .
The results of Western blot analysis for Runx2 protein expression was shown in Fig.8 .
OVX BMSCs expressed significant lower levels of Runx2 compared with sham
BMSCs after treating with MBG dissolution (Fig. 8A) . Densitometric analyses showed that the expression of Runx2 was statistically higher in 50 and 25µg/ml MBG dissolution than in the other groups of sham BMSCs (Fig. 8B) . The MBG dissolution did not rescue the damage of osteoporosis to cells in OVX BMSCs but presented suppressive effect in accordance with the expression of Runx2 (Fig. 8B ).
Adipogenic differentiation
Oil Red-O staining and Western blot were performed to investigate the effects of Fig. 9A-9J ). Interestingly, 200 and 100µg/ml MBG dissolution induced lower Oil Red-O stained area (%) in sham BMSCs group, whereas 50 and 25 µg/ml MBG dissolution showed the most significant suppression in OVX BMSCs (Fig. 9K ).
These results suggested that OVX BMSCs were less vulnerable to adipogenic differentiation, and a lower dose of MBG was required to dampen adipogenesis in osteoporotic condition.
PPARγ is a nuclear regulator in adipocyte growth, differentiation and metabolism 34 .
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Quantitative real-time RT-PCR results for PPARγ mRNA expression were shown in Fig.7 . Interestingly, moderate doses (25 and 50µg/ml) of MBG dissolution led to a distinct decrease PPARγ mRNA expression as compared to that control group in both sham and OVX BMSCs. High concentration (200µg/ml) presented relatively weak decrease PPARγ mRNA expression of sham and OVX BMSCs (Fig.7C and 7D) .
We detected the protein levels of PPARγ both in sham and OVX BMSCs cultured in MBG dissolution. Lower expression of PPARγ was found in OVX BMSCs than that in sham BMSCs (Fig.8A) . Statistical suppression of PPARγ expression was observed in sham BMSCs than in the other groups in 200µg/ml concentration MBG dissolution compared to other groups (Fig.8C) . Treatment with 25, 50, and 200µg/ml MBG dissolution led to a distinct decrease PPARγ expression as compared to that at 0µg/ml group in OVX BMSCs (Fig. 8C ).
Discussion
MBG, as the third generation of biomaterials, can stimulate specific cellular responses at the molecular level 35 . MBG is considered as a promising bone substitute for bone defect healing because it release soluble Si, Ca, P and Na ions at contact surface showed that the osteogenic potential of OVX BMSCs was lower than that of sham BMSCs, and the moderate doses (50-100µg/ml) of MBG dissolution presented an optimal effect on ALP activity and matrix mineralization. We hypothesized that those differences are probably attributed to the ions released by MBG. Bioglass releases ions involved in the bone metabolism and plays a physiological role in angiogenesis, bone tissue growth and mineralization 39, 40 . For instance, Ca ions can directly activate intracellular Ca-sensing receptors in osteoblasts 41 ; Si ions can promote mineralization 42 and osseointegration 43 at the initiation stage of bone formation, which is probably ascribed to the effects on collagen I and osteopontin synthesis 44 . P ions can upregulate Glvr-1 and Glvr-2 in odontoblast-like cells and ERK1/2 phosphorylation, as well as promote CaP crystalization 45 . Moreover, the released ions can result in an increased pH environment which favors the precipitation of the CaP surface layer 46 .
Finally, MBG dissolutions can accelerate the osteoblasts cell cycle through the transition from G0 to G1 stages, and the MBG substrate could also accelerate cell proliferation in S phase and G2-M phase 47 .
Page 13 of 30
John Wiley & Sons, Inc.
Journal of Biomedical Materials Research: Part A
This article is protected by copyright. All rights reserved. 
15
PPARγ is the master regulator of adipogenesis and has been well described for its anti-osteoblastogenic effects 24 . . The imbalance between adipogenesis and osteogenesis has been shown to be associated with obesity and osteoporosis 57, 58 . Previous studies reported that osteopontin can regulate BMSCs differentiation by inhibiting C/EBPs signaling which plays an important role in directing adipogenesis and osteogenesis 59 .
In this study, the MBG released ions that contributed to the regulation of osteogenesis and adipogenesis in both healthy and osteoporotic conditions.
Conclusion
The osteogenic and adipogenic potentials of BMSCs were significantly declined in osteoporotic condition. MBG dissolution at 50-100µg/ml of MBG dissolution can promote osteogenesis in BMSCs of healthy and osteoporotic models, while 200-100µg/ml of MBG dissolution suppressing adipogenesis of BMSCs in healthy models and 25-50µg/ml MBG dissolution suppressing adipogenesis of BMSCs in osteoporotic models. These results suggest the potential of MBG as potential candidate for bone substitutes in the future applications. 
